Abstract The superconducting magnet of Central Solenoid (CS) model coil of China Fusion Engineering Test Reactor (CFETR) is made of Nb3Sn/NbTi cable-in-conduit conductor (CICC), and operated by forced-flow cooling with a large amount of supercritical helium. The cryogenic circulation pump is analyzed and considered to be effective in achieving the supercritical helium (SHe) circulation for the forced-flow cooled (FFC) CICC magnet. A distributed system will be constructed for cooling the CFETR CS model coil. This paper presents the design of FFC process for the CFETR CS model coil. The equipment configuration, quench protection in the magnet and the process control are presented.
Introduction
To develop superconducting magnet technology for China Fusion Engineering Test Reactor (CFETR) Central Solenoid (CS) device, a model coil is to be designed and constructed for experimental study and to validate the CFETR CS superconducting magnet technology, and to do research and analysis on the performance of a superconducting magnet. The model coil has a total cold mass of about 200 tons, Nb 3 Sn/NbTi Cable-inConduit Conductor (CICC) are used in all the coils and cooled to 4.5 K with supercritical helium. The model coil is connected with power supplies through feeders and one pair of superconducting current leads. The feeders and current leads are also cooled by a forced supercritical helium (She) flow. In order to cool the model coil and satisfy the test requirements on parameters such as temperature, pressure, mass flow rate of the magnet coils, a cryogenic distribution system will be designed and constructed, which distributes refrigerant to all of the cold components of model coil [1, 2] . According to the estimation of the heat loads of the magnet, the mass flow rate of the SHe is designed to 0.2 kg/s, two pairs of SHe circulators are installed to cool the magnet coils.
Cryogenic SHe circulation pump
For the helium cryogenic system, helium refrigerator supplies supercritical helium through the Joule Thomson (JT) line. The capacity of the refrigerator is defined by the enthalpy difference between the inlet enthalpy to the JT valve and the enthalpy of saturated liquid helium.
where, Q R is the refrigeration power, m JT is the mass flow rate through the refrigerator JT valve, h s is an enthalpy of saturated vapor helium, and h JT is the inlet enthalpy to the JT valve. The magnet heat load is determined by the following formula:
where, Q m is the magnet heat load, m m is the magnet mass flow, and h o and h i are the outlet and the inlet enthalpy through the magnet, respectively. Generally, the refrigeration capacity required by the magnet is designed equal or smaller than the capacity of the refrigerator:
For the conventional SHe circulation system, if the mass flow rate required by the magnet is less than the JT flow rate, the refrigerator can directly supply the mass flow to the magnet. However, the mass flow rate of the magnet is generally larger than JT flow rate.
If the JT flow rate is equal to the mass flow rate of the magnet, according to Eqs. (1) and (2), the cooling capacity of the refrigerator is much higher than the heat load of the magnet:
This leads to a surplus refrigeration power in the cryogenic system. Then, we must add an additional load, and a reasonable heat balance should be achieved for increasing the magnet circulation flow rate. This is the reason for the use of a SHe circulation pump, which can increase the magnet circulation flow rate, in the case of no increase in refrigerator JT flow.
The merits of using the cryogenic SHe circulation pump are shown as follows:
• Easy control for changing mass flow rate.
• Increase the inlet mass flow rate and pressure of magnet.
• Control the magnet circulation flow by changing the frequency of the pump, not using JT valve. Bring the heat load of the magnet to the helium tank first, which will then be absorbed by the refrigerator. This can keep the refrigerator in a good condition.
So, a cryogenic pump is required to achieve such a forced-flow cooling for the model coil magnet [3, 4] . The pump was defined to achieve a rated mass flow rate of 0.2 kg/s with adiabatic pump efficiency of 60% under inlet helium temperature of 4.5 K. The inlet pressure of the magnet is 0.5 MPa, the inlet pressure of the pump is 0.32 MPa, the pump head corresponds to the cryogenic pump circulation process of the magnet coils. If the adiabatic efficiency of the cryogenic pump is higher than 60%, then the cryogenic pump method is more effective than the conventional method [2, 3] . The heat load of the cryogenic circulation pump to the cryogenic system is:
where, Q p is the heat load of the pump, m p is the model coil mass flow, p is pump head, η p is adiabatic efficiency of pump, ρ is inlet density of the circulating SHe.
The cryogenic distribution box of CFETR CS model coil
The cryogenic distribution box consists of a vacuum vessel, 28 cryogenic control valves, cryogenic vessels, SHe circulation pump, thermal shield, heat exchangers and other apparatus. There are one plate-fin and three coiled-tube heat exchangers in the distribution box. The coiled-tube exchanges (EX1-EX3) for heat transfer of SHe and liquid helium are installed in the liquid helium vessel. A thermal shield of approximate 80 K is used to reduce the heat radiation from the vacuum vessel to the equipment at 4.5 K, which is cooled by liquid nitrogen. The cold components include the CFETR CS model coil, current leads and feeders.
The heat loads to the refrigerator mainly consist of heat losses from the SHe pump and heat loads of the model coil, also including heat radiation from the 80 K thermal shields, the losses in the helium transfer pipelines and from the valves, the alternating current losses in the joints and windings, the head loads of the cryogenic vessel and instrumentation inserts, etc [1] . A refrigerator with a capacity of 900 W/4.5 K is used for all of the operational modes of the model coil. Fig. 1 shows a schematic flow sheet of the distribution system. Liquid nitrogen is employed to precool helium to 80 K. The helium (300 K) mass flow rate from the outlet of the compressor system is 95 g/s, which enters the distribution valve box is divided into two routes, one is to obtain refrigeration power at a 80 K temperature level through heat exchanger 4 and liquid nitrogen vessel, and then to mix with the other room temperature helium route. The mixed helium will cool the model coil down from 300 K to 80 K. The helium cooled by the model coil returns to the inlet of the compressor system.
b. The regulations of cooling down the model coil from 80 K to 4.5 K.
When all of the cold components are cooled down to a temperature of 80 K, the helium mass flow from the refrigerator is transferred to the valve box, which is divided into two loops. One is used for cooling the helium vessel through the Joule Thomson line, and the helium is then liquefied by the Joule-Thomson effect in liquefaction. The other is used to cool the magnet coils and other cold components down to a temperature of 4.5 K. The helium cooled by the model coil returns to the refrigerator.
c. The regulations of forced flow cooling by SHe circulation pump.
There are two pairs of SHe pumps in the valve box, one of them is used as an alternate. When the liquid level in the helium vessel rises to 15%, it is time to precool the SHe pump. When the liquid level rises to 60%, we can start the SHe pump to supply the forced flow of SHe to cool down the magnet coils and other cold components. When the mass flow rate and temperature reaches their required operational parameters, they can perform all of the operational modes for model coil.
There are very few independent cooling loops. The cold end of the current leads and feeders are also cooled by a forced SHe flow. A control valve is used to import liquid helium to helium vessel when the head load increases.
Design and implementation of quench protection in the magnet
When the CFETR CS model coil reaches its required operational temperature, the magnet can work in the superconducting state. But a vacuum failure or a heat load coming from various disturbances may result in an accidental quench. In the case of a quench, the magnet coils will be changed from a superconducting state to a resistive state, and a huge amount of heat energy will be produced, which causes the liquid helium in the cooling channels of the magnets to evaporate rapidly and generates such high pressures on the magnet and the cryogenic system that some equipment may be damaged or even explode. So, when a quench occurs, the high pressure helium gas must be released promptly.
Therefore, for the safety of the cryogenic system and magnet coils, a design scheme for multilevel quench detection and protection was adopted [5] . a. The first level uses a quench protection release valve, these valves are ON/OFF pneumatic valves. The control system detects the pressure values, when the inlet and outlet pressure of the model coil exceeds the set point, the feedback signals will activate the quench protection release valves to release the helium to the buffer, at the same time, the SHe circulation pump will be stopped and the connection between the magnets and the cooling channels will be cut off by closing the valves.
b. The second level uses a spring safety valve. Eight spring safety valves are installed in the quench release channels or in another place. They will automatically open when the quench protection valves cannot achieve the release volume required.
c. The third level uses a rupture disk. If the pneumatic valve and safety valve did not release helium in time, and the pressure in the magnet exceeds the set point of rupture disk, then the rupture disks will rupture and the helium gas will be released into the atmosphere.
The above release protection measures can effectively ensure the safety of the cryogenic system and magnet coils.
Operational modes and process control
A control system is designed to provide the operator interface for controlling and monitoring, sending alarms, and archiving selected signals, and routines to analyze real-time and historic data. The cryogenic system is controlled by PLC, and the control architecture is based on multilayer control framework, including field layer, control layer, and supervision layer. The process values from magnet system are important to the distribution system. So, the communication between distribution system and model coil is necessary. Fig. 2 shows control architecture of cryogenic system [6, 7] . The operational modes for distribution system of CFETR CS model coil can be divided into normal operational modes and abnormal operational modes. In normal operational modes, the cryogenic control system can implement the cool-down process, magnet test and warm-up process automatically. Each operation mode is independent, and can be executed only when the higher-level mode is active or activated. The relationship among normal operational modes is given schematically in Fig. 3 .
In the real cryogenic plant an equipment failure must be taken into consideration, including quench detected. Once a certain failure happens, the distribution system will automatically be changed back to the corresponding state.
Conclusions
A cryogenic SHe circulation pump is reasonable and effective way to supply SHe circulation to the forcedflow cooled CICC magnet that will be applied to the distribution system. A control system for cooling the model coil is to be designed to safely and economically cool down the superconducting magnets. The design of the distribution system is underway, and all of the fabrication work is expected to be completed within a period of two years.
